Electrical stimulation of the dura was carried out in 25 patients using chronically implanted electrodes to determine areas of referred pain. Referred pain occurred over areas supplied by all divisions of the trigeminal nerve and the upper three cervical spinal nerves. No pattern of pain referral could be established on the basis of electrode positions determined from bone landmarks on the skull. It is suggested that these findings may be explained either by a greater overlap of the dural nerves than had been previously recognized, or by an overlap of the connections of the cervical nerves and the trigeminal nerve in the dorsal horn of the cervical spinal cord. Both of these mechanisms seem to be operative to some degree. Bilateral and contralateral pain was also elicited; whether this was due to stimulation of the bilateral termination of the dural nerves near the midline or of the bilateral central projections of these dural nerves is not clear. Contralateral referral of pain from dural points widely separated from the midline, however, suggests that some contralateral central projections do exist. The authors conclude that head pain of dural origin has limited clinical usefulness because of the lack of consistent specificity in its referral pattern.
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dura mater head pain trigeminal nerve electrical stimulation implanted electrodes I NNERVATION of the dura mater has been of interest to those associated with neural sciences for many years, especially as it is related to the perception of head pain. The anatomy of the dural nerves was studied as early as 1850 by von Luschka ~5 and 1860 by Arnold, 2 and in this century by Grzybowski 9 and Dowgjallo2 In 1935 Penfield 2~ reported the results of intraoperative dural stimulation in 34 patients and in 1940 together with McNaughton 21 extended these observations on the rhesus monkey and man, demonstrating that innervation of the dura of the middle fossa and the middle meningeal vessels was through the second (nervus meningeus medius) and third (nervus spinosus) divisions of the trigeminal nerve. First division fibers in the anterior and posterior ethmoidal nerves and the tentorial nerve innervated the dura of the anterior fossa (excluding the lateral convexity) and the tentorium respectively; these nerves also innervated the falx and the superior sagittal sinus anteriorly and posteriorly, the midportion receiving fibers from the middle meningeal nerves. There was no evidence that the cervical nerves participated in dural innervation.
Ray and Wolff, ~2 working with 30 neurosurgical patients at this same time, found referral of pain from dural stimulation similar to that reported by Penfield and compatible with the anatomical observations of Penfield and McNaughton. The relationship of the referred dural pain to intracranial pathology, however, remained uncertain. Cranial arteries were felt to play a significant role in the generation of head pain independent of the dura, and increased intracranial pressure was shown to be unrelated, lm9,3~ Northfield 1' concluded that the dura was not responsible for the headache in patients with intracranial tumors.
Despite the uncertain relationship between head pain and dural stimuli, the dural nerves have remained an area of interest, and recent anatomical studies on the human fetus ~6 have confirmed many of the earlier observations of Penfield and McNaughton. Furthermore, from these studies Kimmel TM proposed a specific pattern of pain referral which related specific areas of dura to constant sites of pain referral in the face, head, and neck.
In this study we have investigated the points of referred pain resulting from dural stimulation by chronically implanted epidural electrodes, and evaluated both the distribution of the referred pain and the specificity of referral sites among different patients.
Material and Methods
We studied 25 patients undergoing either thalamotomy for treatment of movement disorders (14) or evaluation of seizure disorders (11) . There were 15 males and 10 females, who ranged in age from 12 to 63 years. None of these patients suffered from sensory abnormalities related to the head or neck regions. Two of the Parkinson patients had had previous thalamotomy or pallidectomy (Table  1 , Cases ROB K and GAR G respeztively).
Epidural electrodes consisting of contacts 1 cm apart were positioned freehand through burr holes (Table 1) . Electrode positions were recorded with skull x-rays. The electrodes lay on the dura of the convexity of the anterior and middle fossae, along the floor of the middle fossa in some instances, and along the floor of the anterior fossa in one case. No electrodes were positioned along the falx or tentorium. No direct stimulation of the venous sinuses or cerebral arteries was attempted although several electrode positions were near the superior sagittal sinus.
Stimulation was carried out from 1 to 28 days following electrode implantation via the epidural electrodes when the patients were judged to have returned to their preoperative level of alertness. During stimulation every effort was made to assure the comfort of the subjects and to avoid firing them. The patients were not warned at the time the stimulus was applied and thus were aware of stimuli only as they perceived referred sensations. No anesthetic agents were used. In general, stimulation was with symmetrical, biphasic, 60/sec current-controlled square wave pulses with a total pulse duration of 2.5 msec. The current was expressed in milliamperes between the opposite peaks of the biphasic pulse. Adjacent electrcdes were stimulated in a bipolar fashion. Current was increased in small increments until a threshold response was obtained. In three cases the current source was a unidirectional square pulse differentiated by an RC device in parallel to produce brief (TC -60 t~s) decremental pulses of opposing polarity at each end of the 300 t~s input pulse. These pulses were repeated at 60 pairs per see. Due to the briefness of the pulses, high peak milliamperages (10 to 60 ma) were required for effective stimuli ( Table 2) .
The patient was asked to point directly to the area of perception and to describe the sensation. The patients' responses were recorded and the area of referral sketched by one of the authors in each instance. In instances of uncertain localization, the stimulus was repeated. Suprathreshold stimuli were usually avoided.
Results

Current-Sensation Relationships
A total of 166 dural points were stimulated (Figs. 1-5). Referred pain or electric shock sensations and vibratory or tingling sensations were obtained from 108 of these points. No relationship could be established between the current amplitudes applied and the quality of the sensations perceived. The range of currents applied to reach sensory threshold in most instances was between 2 and 10 ma, although as little as 0.25 ma has been effective. With the very brief biphasic decremental pulses as much as 60 ma peakto-peak has been required. There were differences between the results in the seizure patients and those in the movement disorder patients. The mean sensory threshold for seizure patients was 8.8 ma (S.D. __+ 4.55), and that for the movement disorder patients was 3.9 ma (S.D. _+ 3.18). These differences are significant to p < .0005.
As can be seen in Table 2 , however, the current amplitudes varied between patients and between electrode pairs in the same patient. Within individual patients no consistent relationship was apparent between the current amplitude and either the intensity of the perceived sensations or the size of the area in which the sensations were perceived. As the current was increased from imperceptible levels, the transition from no sensation to pain was usually abrupt (over increments of 0.25 to 0.50 ma) and usually appeared without intermediate nonpainful sensations. When vibratory or tingling sensations appeared first, the stimulus was not increased further to avoid pain if possible.
Ipsilateral Referral oi Sensation
As demonstrated in individual cases shown in Figs. 1-5, sensations were referred to all areas of the head, face, and neck. Stimulation of corresponding dural positions in different patients resulted in pain referred to widely varying points.
Contralaterat or Bilateral Re]erral o] Sensation
In four patients (Fig. 5 ) unilateral stimulation produced either eontralateral or bilateral sensations. With one exception, Case GAR G, (Fig. 5 ) the contralateral responses were as well localized and distinct as the ipsilateral responses. Bilateral and contralateral responses were obtained with currents of a magnitude comparable to those that produced ipsilateral responses in each case. With one exception, Case HOB I, (Fig. 5 ) contralateral or bilateral referred sensations did not have independent, ipsilateral, referred sensations. In this patient, however, the contralateral pain referred from stimulation of Electrode 1 could not be reproduced. The referred sensations in Patient HOR M (Fig.  5 ) from Electrodes 6 and 8 were reproducible in one test each, and referred sensations from Electrodes 4 and 7 were reproducible in three tests each. In both instances retesting was conducted the same day. Question may be raised as to whether the responses could have been cortical responses induced by transdural current spread. We were convinced this was not the case due to the high incidence of pain (rare from the cortex of the central region) and lack of peripheral referrals even suggesting the somatotopic pattern.
Reproducibility of Ipsilateral Responses
The reproducibility of referred sensations was evaluated in five patients with ipsilateral referral. Thirteen stimulation points were retested, and no significant change in the area of referral was noted from 10 of these points retested the same day or 5 or 7 days later (Figs. 2 and 3 , Cases ACK S, Electrode 5; ROB K, Electrodes 2-6; SHO L, Electrodes 1-4). In Patient CHR E (Fig. 2) , however, referred pain from Electrode 1 stimulation changed from the lower to upper jaw on the second test the same day. In Patient HAT C (Fig. 2) , repeat stimulation of Electrode 2 with a suprathreshold current of 7.5 ma on the same day resulted in referral of pain to both the right eyebrow and right cheek. In Patient ROB K (Fig. 3) , referred pain from Electrode 1 stimulation changed from behind the right ear to the right mandible on repeat testing 7 days later.
Discussion
Penfield and McNaughton ~~ indicated that dural stimulation with pressure, traction, heat, or electric current all gave rise to local and referred pain, and suggested that this pain was specific for the region of dura stimulated. Correlating this observation with anatomical studies, they felt that "most headaches seem . . . dural in origin." That the dura itself was relatively insensitive to pain, except near blood vessels, was also indicated from their studies. Although we have no direct anatomical observations, we suspect that this observation could explain the negative stimulation results from approximately one third of our electrodes.
Ray and Wolff 22 observed that pain from above the tentorium tended to be referred to the head and upper face in a predictable pattern. They noted, however, that stimulation of widely separated areas, such as the upper surface of the tentorium and floor of the frontal fossa, often produced pain referred to the same area, the forehead. For this reason they concluded that the localizing value of head pain was limited. The results of dural stimulation in our studies reinforce this impression. Over one third of the referral points in our patients were widely separated from the stimulus. Furthermore, stimulation in a region of the dura supposedly supplied by a specific division of the trigeminal nerve frequently did not produce referral of pain to regions of the head or face supplied by that division. Attempts to correlate specific regions of dural stimulation with sensations referred to areas of the head, face, and neck innervated by one of the divisions of the trigeminal nerve or by the first through third cervical nerves were unsuccessful (Fig. 6) . Since threshold currents were used in all cases and since in every case the patients were comfortable, alert, and free of the immediate apprehension of surgery, we felt the results obtained were quite reliable. They were also reproducible with reasonable regularity, and their significance was enhanced by the lack of gross anatomical distortion of the structures under study with this method of stimulation.
Our observations emphasize that referred dural pain secondary to intracranial pathology is not sufficiently specific to provide a basis for clinical localization. In fact, the wide scatter of referred pain from dural stimulation suggests that more specific intracranial pain receptors and pathways may be located elsewhere. Northfield 19 and others 2~,~0 have emphasized that head pain may be secondary to distortion of cerebral arteries rather than dura or dural vessels. There is also agreement that dural compression from increased intracranial pressure cannot explain head pain. ~7, 19 Although we have attempted to fit our data to patterns of referral suggested by anatomical studies x6,~ (Fig. 6) , we are unable to confirm this specificity. It is possible that this incompatibility may be explained by more extensive physiological overlapping of middle meningeal nerves, anterior ethmoidal nerves, tentorial nerves, and nervi spinosum than can be appreciated from anatomical studies alone. Significant overlap between fibers of the tentorial nerves, the middle meningeal nerves, and nerves of the posterior fossa has been reported by at least one investigator/ Recent anatomical studies in the dog by Anisimova-Aleksandrova ~ have indicated that the anterior and middle fossae may also be innervated by fibers from the first three cervical ganglia. Using the BielshowskyGross staining technique on frozen sections of dura, they have demonstrated degenerating fibers in the falx, anterior and middle fossae, as well as the posterior fossa, after resection of these cervical ganglia. These findings are certainly compatible with the referral of pain to the neck and back of the head seen in many of our cases stimulated in the anterior and middle fossae. Referral of dural pain to extracranial nerves of the skull has also been proposed, 24 and these observations would be in agreement with the suggestion of multiple pathways for transmission of head pain by McNaughton TM and Schumacher, et al. 26 The central connections of the dural nerves also lack clear definition. Studies in the rhesus monkey have suggested that, although individual dural nerves may travel with specific divisions of the trigeminal nerve, they probably all arise from the first division of the nerve at the ganglion. 21 Expe-rience with human trigeminal blocks suggests that the middle meningeal nerves are branches of the first division of the trigeminal nerve, s The greater numbers of pain fibers found in the ophthalmic division of the trigeminal nerve, when compared to the mandibular or maxillary divisions, can be considered supportive evidence for these observations.27,-~ There is also considerable anatomical and physiological evidence for overlap of pain pathways proximal to the trigeminal ganglion. Kerr 11 has shown in the cat and monkey that all divisions of the trigeminal nerve project to the most caudal levels of the spinal tract of the fifth cranial nerve. Anatomical study in the cat has also shown convergence of trigeminal fibers and fibers of the upper three cervical nerves. ~' Cross synapses between the spinal tract of the trigeminal nerve and the dorsal horn have also been suggested from anatomical studies in man. 31 On the basis of experience with tractotomy operations for facial pain, BrodaP noted anesthesia for pain and temperature in the concha of the auricle, the dorsomedial surface of the auricle and the posterior tongue, tonsil, and pharynx, as well as face. From these observations he concluded that sensory afferents from the facial, vagus, and glossopharyngeal nerves projected to the caudal aspect of the spinal tract of the trigeminal nerve. Further anatomical studies have led Kerr to the conclusion that "... an area of dense anatomical convergence of sensory input from all the exteroceptive cranial nerves and all sensory modalities of the upper cervical roots is located in the subnucleus caudalis. ''~2
There is some physiological substantiation of these anatomical findings. Stimulation of the upper cervical roots in man has produced pain referred to the orbit, frontal area, and vertex, suggesting overlap of central pain mechanisms2 8 Microelectrode studies in the cat have shown convergence of volleys from the trigeminal nerve and the dorsal roots of C=I and C-2 on single units in the dorsal, intermediate, and ventral horn areas, suggesting hemicranial spread of pain from cervical to trigeminal areas. 1~ If the anatomical organization of dural nerves is as specific as proposed, 16,2~ the finding of central convergence alone may be sufficient to explain the widely diverse referral sites we have noted from dural stimulation. Certainly the referral of pain from the face to the head has been observed frequently whether nasal or dental in origin. 3'~,1~ Referral of pain to the face, therefore, could be anticipated from dural stimuli.
Early reports by Penfield ~~ and Ray and Wolff 2~ suggested that dural stimuli elicited strictly unilateral referral. Other reports by these authors, however, have indicated the bilateral referral of pain observed in four of our pat'ents. Schumacher, and associates ~6 noted bilateral headache in one patient with unilateral trigeminal nerve section and, in others with unilateral headache after unilateral nerve section, areas free of headache on the nonoperated, nonanesthetic side. Anatomical studies by Penfield and McNaughton 21 and Anisimova-Aleksandrova 1 have shown bilateral innervation, especially near the midline, from divisions of the trigeminal nerve and the upper cervical nerves.
There are other studies that suggest mechanisms for contralateral or bilateral referral of pain independent of dural nerve anatomy. Because of our findings of contralateral and bilateral responses from dural points well removed from the midline, these mechanisms seem to be the most plausible explanation of our findings. The most readily comprehensible explanation is that significant numbers of trigeminal nerve fibers cross the midline and terminate in the opposite dorsal horn. This has been shown in the albino rat by Torvik. 3~ A more speculative explanation requires the transmission of facial pain to the thalamus via the uncrossed dorsal quinto-thalamic tract or tractus trigeminus of Wallenberg. The presence of such a tract has been shown by several investigators 33,34,36 but other anatomists doubt its existence. 25,29 Furthermore, it has not been established that this tract, if it indeed exists, carries painful sensations.~3.34
